The observations of fluctuations in the cosmic microwave background provide information about primordial inhomogeneities in the universe. However, the B-mode polarization of the inflationary gravitational wave is contaminated by the Galactic foreground polarization arising from complicated interstellar magnetic fields. Based on the modern theory of magneto-hydrodynamics turbulence, the Velocity Gradient Technique (VGT) is developed as a new tool for studying magnetic fields and the interstellar medium. In this paper, we extend the VGT technique by using the Principal Component Analysis (PCA) and use the technique to characterizing the Galactic foreground polarization from aligned dust. We apply our technique to all high-resolution neutral hydrogen data from the GALFA-H I survey and find the predicted polarization agrees with Planck 353GHz polarized dust emission. We show that our results statistically agree with the Planck polarization in terms of magnetic field tracing. We find that the variation of dust emission efficiency across the sky is small. We calculate the angular power spectrum of H I derived polarization maps and show BB/EE 0.53±0.10, which coincides with the result from Plank polarization.
INTRODUCTION
The fluctuations in the cosmic microwave background (CMB), which can be decomposed into electric (E) and magnetic (B) polarization components through measurements of CMB polarization, contain the information of primordial inhomogeneities in the universe (Planck Collaboration et al. 2016; Lewis 2003; Manzotti et al. 2017; Planck Collaboration et al. 2016) . The measurement of B-modes, therefore, offers the possibility to study the cosmological origin of inflationary gravitational wave (Kamionkowski, & Kovetz 2016; Ferreira et al. 2014; Planck Collaboration et al. 2016; BICEP2 Collaboration et al. 2014 ). However, the polarized thermal emission from diffuse Galactic dust is the main foreground present in measurements of the CMB polarization at frequencies above 100 GHz (Planck Collaboration et al. 2014 . The B-mode signal is therefore contaminated by the Galactic dust foreground polarization arising from complicated interstellar magnetic fields (Kovetz, & Kamionkowski 2015; Voshchinnikov et al. 2016; Jones 1989; Kritsuk et al. 2018) . To get insight into the B-mode signal, a comprehensive picture of Galactic foreground polarization is indispensable. The recent Plank survey gives full-sky polarization maps of dust emission (Planck Collaboration et al. 2018) . However, the polarization fraction is theoretically Corresponding author: Yue Hu, A. Lazarian yue.hu@wisc.edu, alazarian@facstaff.wisc.edu determined by the dust column along the line of sight and the angle of the mean magnetic field concerning the plane of the sky (Planck Collaboration et al. 2014) . At high Galactic latitude regions, dust emissivity is low (Planck Collaboration et al. 2014) , and polarization fraction is minimal (Planck Collaboration et al. 2016) . It is, therefore, challenging to characterize the complete Galactic foreground polarization using polarized dust emission.
The approach of studying magnetic fields with gradients, i.e., the Velocity Gradients Technique (VGT), has been a fast-developing branch of interstellar media exploration. For instance, the Velocity Centroid Gradients (VCGs, González-Casanova & Lazarian 2017; Yuen & Lazarian 2017a,b) was first proposed to trace the magnetic field using the fact that magnetohydrodynamic (MHD) turbulence is anisotropic along with its local magnetic field directions (Goldreich & Sridhar 1995; Lazarian & Vishniac 1999) . Aside from the velocity centroid, the use of the velocity information contained in the narrow velocity channel map is also explored by (Lazarian & Pogosyan 2000; Yuen et al. 2019 ) and shown to be even more precise in tracing magnetic fields. With that development, the VGT has already been successfully applied to a wide range of column densities from diffuse transparent gas (Yuen & Lazarian 2017a; Hu et al. 2018; González-Casanova & Lazarian 2019; Hu et al. 2019c ) to molecular self-absorbing dense gas (Hu et al. 2019a,b) as well as the estimation of magnetization level (Lazarian et al. 2018a; Hu et al. 2019a) . Although the practical application of VGT is affected by the quality of data , Hu et al. (2018) explored the noise suppression method for VGT and showed that the Principal Component Analysis (PCA) could extract the most crucial gradient components to increase the accuracy of VGT in tracing magnetic fields.
The PCA is originally a technique used in image processing and image compression. Regarding astrophysical applications, the PCA was applied to obtain the turbulence spectrum from observations (Brunt & Heyer 2002a,b) , as well as studying turbulence anisotropies (Heyer et al. 2008 ). Since the principal components of gradients decomposed by PCA are more anisotropic, we use the gradients of the decomposed principal components as an alternative tool to trace the interstellar magnetic fields and predict the Galactic foreground polarization, denoted as VGT-PCA technique.
In what follows, we illustrate the theoretical foundation of tracing magnetic field based on MHD turbulence anisotropy, in §2. In §3, we describe the full algorithm in implementing the VGT-PCA. In §4, we apply VGT-PCA to a vast range of GALFA-H I data and make comparisons with Planck polarization. In §5, we discuss the modeling of the threedimensional Galactic magnetic field, the possible application, and further development of VGT-PCA. In §6, we give our conclusions.
2. THEORETICAL CONSIDERATION 2.1. Theory of MHD turbulence Goldreich & Sridhar (1995) established the theoretical foundation of magnetic fields tracing techniques through MHD turbulence statistics. Considering the Kolmogorov cascade with the injection velocity v l l 1 3 ⊥ , Goldreich & Sridhar (1995) predicted that incompressible MHD turbulence is anisotropic, i.e. turbulent eddies are elongated along the direction of magnetic field. For an energy-conserving Alfvénic cascade (v l ≤ v A , where v A is the Alfvénic speed), the elongated correlation between parallel l || and perpendicular l ⊥ scales can be further expressed as l || l 2 3 ⊥ , denoted as GS95 relation.
However, Lazarian & Vishniac (1999) incidentally explained that GS95 correlation is observable in the frame of local magnetic fields rather than the global system frame. In Lazarian & Vishniac (1999) , the fast turbulent reconnection theory explained that magnetic tension force resists any other types of magnetic field motion, except the rotating motion of eddies together with magnetic field lines in the direction perpendicular to local magnetic fields. As a result, the fast reconnection ejects plasma fluid along the magnetic field with Alfvénic speed v A . In this case, the concept of local magnetic field frame explains why the anisotropy of turbulence reflects the direction of magnetic fields that percolates turbulent eddies (Lazarian & Vishniac 1999; Cho & Vishniac 2000; Cho & Lazarian 2002 . The latter is crucial element for VGT technique, as it testifies that the small velocity fluctuations are well aligned with the local direction of magnetic field. This phenomena has been confirmed by the numerical studies in Cho & Vishniac (2000) and Maron & Goldreich (2001) .
In terms of velocity fluctuations, the Kolmogorov scaling and GS95 relation reveal that the gradients of velocity amplitude scale as v l,⊥ /l ⊥ l −2/3 ⊥ i.e., the smallest resolved scales are most important in calculating the gradients. In addition, the measured velocity gradients are perpendicular to the magnetic field at the smallest resolved scales, i.e., they well trace the magnetic field in the turbulent volume. Similar to the case of far-infrared polarimetry, one should turn the direction of gradients by 90 • to obtain magnetic field direction.
However, statistics of velocity fluctuation are not directly available from observations. To get insight into velocity statistics, Lazarian & Pogosyan (2000 , 2004 ; Kandel et al. (2017a) developed the theory of statistics of the Position-Position-Velocity (PPV) spectroscopic data cubes. They proposed that density structures are distorted in PPV cubes due to turbulent velocities along the line of sight, which is called velocity caustics. It was shown that when velocity channel width ∆v and velocity dispersion δv satisfy the criterion:
this velocity channel is considered a thin velocity channel. Velocity fluctuation is dominated in this thin channel due to the effect of velocity caustics. Based on these theories, (Lazarian et al. 2018a; Hu et al. 2019c) proposed to use fluctuations of velocity within thin velocity channel maps to reveal the information of velocity gradients.
Polarized thermal dust emission
Measuring the fraction of polarized thermal dust emission deepens our understanding of the diffuse ISM and also helps for the search for inflationary gravitational wave B-mode polarization in the CMB. The Stokes parameters I, Q, U are describing the polarization state of thermal dust emission. For constant magnetic field orientation and polarization fraction along the line of sight, the integral equations of the Stokes parameters for linear dust polarization are defined as :
where γ is the angle between magnetic field and the plane-ofthe-sky, ψ is polarization angle, p max is the maximum value of polarization fraction, R is the Rayleigh reduction factor (i.e. the efficiency of grain alignment), and F is the depolarization factor (Planck Collaboration et al. 2015) .
Once the Stokes parameters, Q(n) and U (n), have been measured as functions of spherical polar coordinates θ, φ (wheren denotes a unit vector pointing at polar angle θ ∈ [0, π] and azimuth φ ∈ [0, 2π]) on the full sky polarization, Figure 1 . An illustration of how PCA works on PPV cubes. The 1 st /2 nd /3 rd /4 th principal component, which corresponds to eddy1/2/3/4, is extracted by the PCA from original data cube. The large axis of each eddy is closely related to the value of the turbulence velocity dispersion δv 2 . In particular, those larger eddies correspond to the largest-scale contributions of turbulence eddies along the line of sight δv 2 l 2 3 .
we have the polarization tensor:
The polarization tensor field on the sphere can be expanded in terms of basis functions that are gradients and curls of spherical harmonics Y lm (n):
The expansion coefficients are given by:
The angular cross power spectra are now:
where X = {E; B}, ... denotes the ensemble average, and δ is the delta function. In general, both the foreground dust polarization and CMB polarization contribute to the spectra. However, it is difficult to separate the contribution from CMB E-and B-mode as the expected signals from inflation and late-time reionization are expected to be small. In this case, accurate assessment and modeling of the Galactic foreground are crucial to the subtraction of the foreground dust polarization to C EE l and C BB l .
METHODOLOGY 3.1. Principal Gradient Component Analysis
The Principal Component Analysis (PCA) is widely used in image processing and image compression, which effectively decomposes an image of size N 2 into n < N eigenmaps. PCA uses the concept of orthogonal transformation to convert observations with a set of possibly correlated variables to a set of linearly independent variables called principal components. This transformation is defined in such a way that the first principal component has the largest possible variance as well the largest eigenvalue, and each succeeding component, in turn, has the highest variance possible under the constraint that it is orthogonal to the other components. In this case, the resulting eigenvectors form an orthogonal basis, which consists of linear combinations of the variables containing n observations. The physical meaning of the eigenvalues is closely related to the value of the turbulence velocity dispersion δv 2 . In particular, those larger eigenvalues correspond to the largest-scale contributions of turbulence eddies along the line of sight δv 2 l 2 3 . As a result, Hu et al. (2018) used the PCA as a tool to provide the preliminary processing of the spectroscopic data and demonstrated that it is capable of extracting the most crucial velocity components in a PPV cube. They found that the structure in decomposed eigenmaps becomes more anisotropic, as shown in Fig. 1 . We, therefore, see the possibility of developing a technique that can extract the most crucial gradient components for magnetic field tracing.
In this work, we follow the assumption used in : Treat the PPV cube ρ(x, y, v) as the probability density function of three random variables x, y, v, then we define the modified covariance matrix (Brunt & Heyer 2002a,b) and the eigenvalue equation for this covariance matrix as:
λ is the eigenvalues associated with the eigenvector matrix u. Note that u consists of eigenvectors u i sorted in a rank based on the decreasing order of λ i , with elements u ij , i, j = 1, 2, ..., n v . Thereafter, we project the PPV cube into the direction of each eigenvector u i , by weighting channel ρ(x, y, v j ) with the corresponding eigenvector u ij . Hence, we get the corresponding eigen-map I i (x, y):
By repeating the procedure for each eigenvector u i , we finally get a set of eigen-maps I i (x, y), with i = 1, 2, ..., n v . From an individual eigen-map I i (x, y), the gradient orientation at individual pixel (x m , y n ) is calculated by convolving the image with 3 × 3 Sobel kernels:
where x I i (x, y) and y I i (x, y) are the x and y components of gradients respectively. ψ gi is the pixelized gradient map for each I i (x, y). The sub-blocking method, proposed by Yuen & Lazarian (2017a) , is applied after the pixelized gradient map is established. Since the distributions of the gradient vector orientation appear as a more accurate Gaussian profile with the increment of the size of the subregion. In this case, the mean gradient direction becomes more well-defined, and the alignment between the gradient and magnetic field becomes more accurate. By taking the Gaussian fitting peak value of the gradient distribution in a selected sub-block, we obtain the mean direction of the magnetic field in that sub-region. The sub-block averaging method therefore can increase the significance of important statistical measure and suppresses noise in a sub-region of the gradient field. In observations, the magnetic field orientation is inferred from the polarization angle ψ, which can be derived from the Stokes Q, U maps using the relations:
However, the orientation of magnetic field measured by gradients are different from that of dust polarization: Gradients measure the sectional magnetic field along the line of sight while that of polarization measures the densityweighted accumulated magnetic field directions along the line of sight. As a result, it is suggestive to compare the Stokes parameter equivalent Q g and U g of the gradientinduced magnetic field to that of polarization:
where I i (x, y) is the i-th eigen-map, ψ gi (x, y) is the gradient angle calculated from I i (x, y) with the sub-block averaging implemented. The mock polarization angle ψ g is then defined correspondingly, which gives a probe of plane-of-thesky magnetic field orientation after rotating 90 • .
Alignment Measure
We make comparisons with the Planck 353GHz polarized dust signal data 1 , where the signal-to-noise ratio (S/N) of the dust emission is maximum at low Galactic latitude regions, from the Planck 3rd Public Data Release (DR3) 2018 (Planck Collaboration et al. 2018) . The Planck observations provide Stokes parameter maps I, Q, and U, so the plane-of-the-sky magnetic field orientation angle θ can be derived from the Stokes parameters: θ = ψ − π/2. The relative orientation between the POS magnetic field predicted by VGT-PCA and the one inferred from Planck polarization is quantified by the Alignment Measure (AM):
where θ r is the angular difference between magnetic field vectors predicted from VGT-PCA and the vector inferred from polarization in a single sub-block. Since AM is insensitive to the sign of the gradient, e.g. AM(θ) = AM(−θ), it is advantageous to test the performance of each method. We expect to get AM = 1 in most cases, which implies a perfect alignment, i.e the rotated ψ g is parallel to the POS magnetic field. The AM has been widely used in gradients studies (Yuen & Lazarian 2017a; Hu et al. 2019a Hu et al. ,b, 2018 . The morphology of the plane-of-sky magnetic fields inferred from Planck polarization (the 2 nd and the 4 th columns), and VGT-PCA (the 1 st and the 3 rd columns). The background color maps are of VGT-PCA is the H I column density map integrated from -90 km · s −1 to 90km · s −1 . The magnetic field is visualized using the Line Integral Convolution (LIC).
RESULTS

Magnetic fields morphology on low Galactic latitude region
In this work, we use the high spatial and spectral resolution H I data from Data Release 2 (DR2) of the Galactic Arecibo L-Band Feed Array H I survey (GALFA-H I) with the Arecibo 305m radio antenna (Peek et al. 2018) . GALFA-H I has an angular resolution of FWHM = 40', a spectral resolution of 0.18 km s −1 , and a brightness temperature noise of 40 mK rms per 1 km s −1 integrated channel over 13 000 deg 2 of sky. The full GALFA-H I data is separated into three sets: East (denote as A, close to the east of Galactic Plane), North (denote as B, close to the Galactic north pole), and West (denote as C, close to the west of Galactic Plane). Each data set is divided into five individual sub-regions (see Appendix. A for details about each region).
For illustration, we take the region A1, which stretches from Right Ascension (R.A.) 0.0 • to 24 • and Declination (DEC.) -1.5 • to 37.0 • as example. This region spans from galactic latitude b −30 • below the Galactic plane to b
−60 • i.e. close to the Galactic south pole. We analysis the H I data within velocity range -23km/s to 32km/s, which contains the main structure of the H I data.
Following the recipe of VGT-PCA, we show the morphology of plane-of-sky magnetic fields inferred from VGT-PCA with resolution 1 • in Fig. 2 . We make comparison with the magnetic field morphology inferred from Planck polarization and get AM = 0.77 ± 0.02, which indicates the overall good alignment between VGT-PCA and Planck. The Q, U maps from Planck are smoothed with FWHM=1 • . The uncertainty is given by the standard error of the mean, i.e. the standard deviation divided by the square root of the sample size.
With an analogy to the Velocity Gradients Technique, the minimum tracing resolution, i.e., the sub-block size, depends on the histogram of gradients orientation. The histogram should be a well defined Gaussian distribution so that the most probable angle can be found out by Gaussian fitting. Once the minimum scale is determined, one can trace the magnetic field in any scale larger than the minimum threshold. In view of this, we test three resolution (0.25 • , 0.50 • , and 1.0 • ) for VGT-PCA and plot the histogram of the relative orientation between the magnetic field predicted by VGT-PCA and the one inferred from Planck polarization in Fig.2 . We see that for all of that three resolution, the histogram shows a convex Gaussian profile with peak value around zero.
In view of that there exits deviation between the magnetic field predicted by VGT-PCA and the one inferred from Planck polarization. We consider two possible reasons. One contribution is from the fitting uncertainty of sub-block averaging method. It has been reported that the velocity gradient orientations in a sub-block would form a Gaussian distribution in which the peak of the Gaussian fit reflects the statistical most probable magnetic field orientation in this subblock (Yuen & Lazarian 2017a) . As the area of the sampled region increases, the precision of the magnetic field traced through the use of a Gaussian block fit becomes more and more accurate. However, there exits uncertainty in fitting Gaussian distribution and the most probable value of Gaussian distribution has its own standard deviation σ. Those factors would contribute to the overall uncertainty of gradients calculation (Hu et al. 2019c) , which is expected as the systematic error in our calculation. The second factor is possibly the uncertainty of polarization measurements. The uncertainty of dust polarimetry becomes significant in the case in which the grains are not aligned. The grain alignment theory suggests that grain alignment is driven mainly by radiative torques, but the grains become misaligned in a number of circumstances Lazarian (2003) . For instance, in the absence of sufficiently intense radiation, the orientation of dust grains is random (Lazarian, & Hoang 2007) . In view of this, we plot the correlation between the AM and polarization percentage p in Fig. 2 . We take the average value of AM in each bin of the polarization percentage. We see that the AM is positively proportional to the polarization percentage and gets saturated when p ≥ 8%. Therefor, the insufficient polarization flux in polarimetry measurements contributes to the deviation between the magnetic field predicted by VGT-PCA and the one inferred from Planck polarization.
Except for the sub-region A1 which is close to the Galactic south pole, we repeat our analysis for the sub-region C1 which spans from galactic latitude b 30 • above the Galactic plane to b 45 • . The POS magnetic filed morphology is shown in Fig. 3 . The AM = 0.75±0.02 indicates the overall good alignment between VGT-PCA and Planck in C1. We see similar results in terms of the histogram of the relative orientation and the variation of AM concerning the polarization percentage. Moreover, we apply those analyses to all low-latitude regions, i.e., data set A and C, we see all of them shows the good alignment between VGT-PCA and Planck and positive correlation between the alignment and polarization percentage (see Appendix.A for details about each region). Therefore, we conclude that the VGT-PCA shows statistically good performance in terms of characterizing the Galactic dust polarization comparing with the Planck polarization. We see the possibility to correct the issue of insufficient polarization percentage through VGT-PCA. The resultant morphology of plane-of-sky magnetic fields inferred from Planck polarization and VGT-PCA is shown in Fig. 4 .
Magnetic fields morphology on high Galactic latitude region
Based on the advanced understanding of MHD turbulence in ISM, the PCGA shows good ability in tracing the magnetic field morphology at low Galactic regions (see §.4.1) comparing with Planck polarization. As for high Galactic regions, H I gas still follows the property of MHD turbulence. Therefore, we expect the VGT-PCA also works in high Galactic regions. Fig. 5 takes the sub-region B3, which includes the Galactic north pole, as an example. We do see there is an agreement between VGT-PCA and Planck in relatively highintensity regions. From the histogram, we find that the relative orientation between VGT-PCA and Planck tends to be more dispersed, while the alignment is still increasing with the increment of polarization percentage.
The resultant morphology of plane-of-sky magnetic fields inferred from Planck polarization and VGT-PCA is shown in Fig. 6 . The VGT-PCA in high Galactic latitude regions gives a moderate overall alignment,i.e., AM=0.45 ± 0.01. The rapidly varying magnetic fields and low signal-to-noise ratio at high Galactic latitude regions are two possible reasons for the misalignment between VGT-PCA and Planck. The polarization percentage p is theoretically determined by the dust column along the line of sight, and the angle of the mean magnetic field concerning the plane of the sky (Planck Collaboration et al. 2014). However, at high Galactic latitude regions, the dust emissivity is low (Planck Collaboration et al. 2014) , and the magnetic fields are varying rapidly (Planck Collaboration et al. 2016 . Therefore the polarization fraction is minimal near the Galactic north pole. Besides, the noise level in polarization data is estimated to be higher at the high Galactic latitude region (Clark et al. 2015) . Those factors obscure the accurate measurement of the Galactic dust polarization and the magnetic field at high Galactic latitude regions. The third possibility of the disagreement might come from the selection of the velocity range in H I data. The H I data contains the information of structures in the selected velocity ranges, while polarization is accumulating the information along LOS. Also, we expect the boundary effect will also cause to the disagreement appears near the image's boundary.
Also, we use the magnetic field inferred from starlight polarization catalogs (Berdyugin et al. 2014 ) as a relative comparison in high Galactic latitude regions (b > 30 • ). In Fig. 7 , we plot the histogram of the relative angle between the polarization from 566 stars and VGT-PCA in corresponding positions. We see that the histogram statistically satisfies a Gaussian distribution, with standard deviation σ = 14.4 • and expectation value µ 5 • . We can, therefore, conclude that the VGT-PCA statistically shows agreement with the starlight polarization.
Polarization percentage
The polarization percentage can be derived from pseudo-Stokes parameters U g and Q g using the definition of p in Eq. 2. In Fig. 8, we show the correlation between the polarization percentage derived from Planck polarization (denoted as p) and VGT-PCA (denoted as p g ) corresponding to the same coordinate. We bin the measured polarization percentage in uniform spaced bins with an interval of 0.01 . We see that p g shows a linear correlation with p at low Galactic latitude regions. However, the value of p g is about four times larger than p. We expect the ratio four is the systematic difference between H I and polarized dust emission data caused by the grain alignment efficiency.
Generally, it is difficult to model grain alignment efficiency across the sky with different physical conditions. Planck Collaboration et al. (2018) reported a maximum polarization fraction p max 22% using 353GHz polarization data. As a result, the dust grain alignment efficiency should be intrinsi- cally similar to p max . In Fig. 9 , we see a linear correlation between the polarization percentage predicted by VGT-PCA and Planck polarization, which indicates that the variation of grain alignment efficiency is small across the sky. We hence propose a simple model assuming a grain alignment efficiency η 25% for our current prediction of polarization percentage. Fig. 9 gives the sky maps of polarization percentage obtained from VGT-PCA using GALFA-H I data and Planck 353 GHz dust polarization. We see that VGT-PCA shows similar structures with Planck polarization in terms of polarization percentage. Note this prediction of polarization percentage is incomplete without the knowledge of inclination angle γ.
Decomposition of E/B modes
The full sky cosmic microwave background (CMB) polarization field can be decomposed into E and B components that are signatures of distinct physical processes. To decompose the E-mode and B-mode, we modified the template used in Clark et al. (2015) : Q * (x, y) = p * · I 353 (x, y) · cos(2ψ * (x, y)) U * (x, y) = p * · I 353 (x, y) · sin(2ψ * (x, y))
where p * is the polarization percentage derived from either VGT-PCA or Planck polarization, I 353 is the intensity of Planck 353 GHz polarized dust emission, and ψ * is the gradient angle defined for either VGT-PCA or Planck polarization. In Clark et al. (2015) , the polarization percentage is assumed to be ideally unity. However, this assumption is only reasonable over a small patch of sky. For a large patch of sky, it is indispensable to take the polarization percentage into account.
The derived Stokes maps Q * and U * at 1 • resolution are converted to HEALPix2 format with HEALPix resolution of N side = 512, following Planck Collaboration et al. (2016) . The Stokes Q * and U * maps are then decomposed into C EE l and C BB l using the anaf ast routine of HEALPix. Fig. 10 shows the cross-power spectra for the template maps constructed from VGT-PCA and Planck polarization, using the whole set of GALFA-H I data. The multipole moment ranges from l = 60 to l = 250, which is limited by the resolution of input maps. We find that the spectra constructed from VGT-PCA (i.e., the combination of p and φ g ) show a smaller magnitude than the one from Planck polarization (i.e., the combination of p and φ). We expect one possible reason is the contribution from the CMB polarization in Planck data. Also, we see that the EE cross-power spectra derived from Planck polarization show a larger amplitude than the BB spectra for all three combinations. We find the mean ratio between EE and BB cross-power spectrum derived from VGT-PCA is 0.53 ± 0.10, while it is 0.61 ± 0.11 for Plank polarization. The results coincide with Planck Collaboration et al. (2016) , which show a systematic difference between the amplitudes of the Galactic dust B-and E-modes BB/EE 0.5. 5. DISCUSSION 5.1. Three-dimensional Galactic magnetic fields modeling
The detection of primordial B-mode polarization in the CMB is a top topic in cosmology. Although several missions are scheduled to search for the B-mode (Kamionkowski, & Kovetz 2016; Ferreira et al. 2014; Planck Collaboration et al. 2016; BICEP2 Collaboration et al. 2014) , the contamination from the polarized dust emission of the foreground is still an obstacle. To remove the foreground, the model of threedimensional Galactic magnetic fields, which constrains the LOS structures of the magnetized and dusty ISM, is therefore crucial. However, generally, it is challenging to construct a comprehensive three-dimensional structure of the ISM and the magnetic field orientation along the line-of-sight.
The advanced theories of MHD turbulence (Goldreich & Sridhar 1995; Lazarian & Vishniac 1999) and the statistics of the PPV data (Lazarian & Pogosyan 2000) provide one solution. Goldreich & Sridhar (1995) and Lazarian & Vishniac (1999) reveal that the anisotropic turbulence induces velocity fluctuations aligned with its local magnetic fields. Lazarian & Pogosyan (2000) gave the criterion on selecting thin velocity channels, in which the velocity fluctuations are dominating due to the effect of velocity caustics. Lazar- Figure 10 . The cross-power spectra for the template maps constructed from VGT-PCA and Planck polarization. The y-axis is D l = l(l + 1)C l . The symbol p and φ indicate that we are using Planck data for the template, while pg indicates the polarization percentage and polarization angle obtained from VGT-PCA. The spectra are plotted using the full GALFA data set.
ian & Yuen (2018a) firstly combined these theories to trace the POS magnetic fields using the Velocity Channel Gradients (VChGs). González-Casanova & Lazarian (2019) extend this concept of thin velocity channels to study the 3D Galactic magnetic fields using H I data. González-Casanova & Lazarian (2019) initially constructed The 3D magnetic fields in PPV space by adding the velocity gradients in a way similar to Stokes parameter (see Sec. 3). Later, Clark & Hensley (2019) also implemented this idea in establishing 3D magnetic fields in PPV space. Replying on the galactic rotation curve, González-Casanova & Lazarian (2019) successfully completed the 3D magnetic fields modeling in the Milky Way, comparing with stellar polarization. Similar idea is also expected to be available for the VGT-PCA. The second way to establish the three-dimensional Galactic magnetic fields requires the knowledge of the inclination angle γ, i.e., the angle between magnetic field and the plane-ofthe-sky. For example, Eq. 2 indicates that the predicted polarization percentage is overestimation without the picture of three-dimensional magnetic field orientation. Lu et al. (2019) demonstrated that Velocity Channel Gradients (VChGs) could be used to produce synthetic maps of dust polarization from H I data. The VChGs are initially proposed by Lazarian & Yuen (2018a) to trace the magnetic field using thin velocity channels. It selects the data within the LOS velocity range v 0 − ∆v 2 < v < v 0 + ∆v 2 , where v 0 is the velocity corresponding to the central peak of the velocity profile along LOS. The velocity channel width ∆v and the velocity dispersion δv satisfy the criterion (Lazarian & Pogosyan 2000) :
Comparison with Earlier Works
∆v 2 < δv 2 (15) However, in our work, we do not constrain the data within the range v 0 − ∆v 2 < v < v 0 + ∆v 2 , but integrate the pseudo-Stokes parameters obtained in each slice along LOS. Lu et al. (2019) limits their work on a sky region, which stretches over R.A. from 215.0 • to 265.0 • and DEC. from 6.0 • to 37.5 • , to avoid the regions near the Galactic plane and the north Galactic pole. By making synergy with PCA, we extend our prediction of dust polarization over the full GALFA-H I data set, which covers the Galactic plane, the north Galactic pole, and the south Galactic pole. Our work thus involves several different physical conditions. We further show that the grain alignment efficiency η 25%, and its variation is small across the sky. It indicates that the Galactic magnetic fields cause the variation in polarized dust emission. Clark & Hensley (2019) proposed to predict the dust polarization using H I in an alternatively way. Their work is based on the Rolling Hough Transform (RHT, see Clark et al. 2014) , which requires linear structures in ISM. Comparing with RHT, the VGT-PCA technique is parameter-free while RHT requires three parameters as inputs: a smoothing kernel diameter (DK), window diameter (DW), and intensity threshold (Z) (Clark et al. 2014 (Clark et al. , 2015 . Clark & Hensley (2019) predicted dust polarization across the full sky region using HI4PI data. However, Clark & Hensley (2019) interpolated " the H I structures that are most predictive of the magnetic field orientation are predominantly CNM." (see, Clark & Hensley 2019, Sec. 8.3) , without the consideration of the velocity caustics effect (Lazarian & Pogosyan 2000) . It thus questions (i) the physical nature of "H I fibers" and (ii) the distribution of CNM in the Galaxy. For the latter, Kalberla & Haud (2018) showed that the CNM concentrates on the region near the Galactic plane, i.e., |b| < 30 • , instead of the full sky.
Application to Giant Molecular Clouds
The approach of gradients technique has been successfully tested to trace the local magnetic field from absorbing media for the case of 13 CO emission with different abundances and densities (González-Casanova et al. 2019), while Hsieh et al. (2019) numerically showed the availability of the gradient in tracing magnetic fields using synthetic molecular line maps of CO isotopologue with different optical depths. Thereafter, in observation, Hu et al. (2019a) successfully applied the gradients technique to five low mass star forming regions using 13 CO as molecular tracer, while Hu et al. (2019b) expanded the technique into seven different molecular tracers in Giant Molecular Clouds Vela C. Importantly, we see that the magnetic field morphology obtained from VGT-PCA in the region corresponding to molecular clouds Taurus and Perseus (see Appendix. A, Fig. 12 ) agrees with the results from Planck polarization and the Velocity Gradients Technique in Hu et al. (2019a) . Therefore, we expect the VGT-PCA is also applicable to molecular clouds.
Due to the position of the solar system within the Galactic disk, the line of sight inevitably crosses more than one molecular cloud. It is therefore impossible to use far-infrared polarimetry to study the local magnetic fields in most molecular clouds. Fortunately, VGT-PCA show advantages in dealing with multi-clouds issues. Theoretically both VGT-PCA and dust polarization represent the direction of the projected magnetic field by accumulating the information along the line of sight. However, spectroscopic data often sample different regions of the molecular clouds than dust polarization. Spectroscopic data cubes can better identify the molecular cloud in velocity space with respect to the polarization data. The background/foreground signals are therefore less important in the spectroscopic data cubes. VGT-PCA using molecular tracers would provide the information of the local magnetic field in the cloud, while polarization accumulates the information along the line of sight. Combining the magnetic field traced from H I data, CO or other molecular tracers data, and polarized dust emission data, we see the possibility to figure out the contribution from the Galactic foreground to polarized dust emission on molecular clouds.
Application within synchrotron polarization
The VGT-PCA is one of the techniques that employ the properties of MHD turbulence to study magnetic fields. We expect the application of the VGT-PCA is not limited to the molecular emission line data. Lazarian et al. (2018b) , Lazarian, & Yuen (2018b) , and Zhang et al. (2019) numerically show that the Synchrotron Intensity Gradients (SIGs) and Synchrotron Polarization Gradients (SPGs) can be used to tracing the magnetic field component parallel to the line of sight, and even the three-dimensional magnetic field morphology. Since the foundation of SIGs and SPGs is still the anisotropy of MHD turbulence, we expect the VGT-PCA is applicable to synchrotron data as well.
CONCLUSION
The inflationary gravitational wave B-mode polarization is contaminated by the Galactic foreground polarization arising from complicated interstellar magnetic fields. In this work, we explore a new way to trace the magnetic field and make prediction to the polarized dust emission using neutral hydrogen data. To summary:
1. We develop the VGT-PCA as a new tool in characterizing the Galactic dust polarization using only neutral hydrogen data, by making synergy of VGT and PCA.
In particular:
(a) We apply the VGT-PCA to all high-resolution neutral hydrogen data from the GALFA-H I survey and make a comparison with the Planck polarized dust emission and stellar polarization data.
(b) The VGT-PCA shows statistically striking agreement with the Planck polarization and stellar polarization in term of magnetic field tracing.
(c) We find that the alignment between the VGT-PCA and Planck polarization is positively pro-portional to the polarization percentage. We conclude the insufficient polarization flux is one factor leads to the misalignment of the VGT-PCA and Planck polarization.
2. We find the polarization percentage predicted by VGT-PCA using GALFA-H I data and Planck polarization is linearly correlated with a factor 0.25. We propose the grain alignment efficiency η 25% and its variation is small across the sky.
3. The full Galactic foreground templates can be constructed by using the Stokes parameter predicted by VGT-PCA. We show that the mean ratio between EE and BB cross-power spectrum derived from VGT-PCA is 0.53 ± 0.10, which is in agreement with the resuts from Planck measurement.
4. We claim the VGT-PCA as a branch of VGT, is advantageous in studying the magnetic field morphology and figuring out the contribution from the Galactic foreground. 
